V ascular tissues respond to changes in the mechanical loads imposed on them by blood pressure (tensile stretch) and blood flow (shear stress) with acute adjustments in vasomotor tone and with structural remodeling when variations in these loads persist. These responses are specific for the type of mechanical loads that are imposed on the vessel wall. For example, increases in tensile stretch prompt the acute vasoconstriction that underlies myogenic autoregulation of peripheral blood flows 1 and the chronic arterial thickening that is associated with hypertension. 2 In contrast, increases in shear stress induce the acute vasodilation 3 and chronic remodeling that result in enlarged resting arterial diameter. 4 The transition from acute vasomotor to chronic remodeling responses involves the expression of many genes that affect cell proliferation, cell death, and connective tissue elaboration and reorganization. For example, the expression of arterial elastin and collagen is sensitive to mechanical loads, 5 as is the expression of PDGF, 6 transforming growth factor-␤1, 7 fibroblast growth factor, 8 and many other genes. 9 We reasoned that tissue remodeling as a result of changes in mechanical load probably involves extensive cell-to-cell communication; therefore, mechanical forces may affect expression and formation of gap junctions.
Gap junctions are intercellular channels that provide a route for small molecules and ions to pass from one cell to the next. 10 A gap junction is formed when a hemichannel, or connexon, in one cell couples to another in an adjacent cell to create an aqueous pore between the two cells. Six protein monomers known as connexins associate to form the connexon, and at least 14 homologous connexin isoforms have been characterized in the rat. 11 Connexons composed of these different connexins exhibit distinct electrophysiological properties that permit the regulated flow of electrical current between cells. 10, 12 Currently, three connexins, Cx37, Cx40, and Cx43, have been identified in vascular smooth muscle and endothelium. 11, 13 Smooth muscle cells, the primary cell type found in the media of many arteries, are largely responsible for effecting remodeling responses. Since there is good evidence that the expression of genes that are important to tissue remodeling is directly sensitive to the stretch of these cells, we tested whether vascular smooth muscle cells grown on a distensible substrate exhibited stretchsensitive expression of connexins. In contrast, most evidence indicates that remodeling induced by altered blood flow is initiated by the vascular endothelium. These cells signal to underlying smooth muscle cells that effect the tissue elaboration and reorganization that achieves remodeling.
14 Consequently, we tested whether monolayers of cultured vascular endothelial cells grown in a parallel-plate flow chamber exhibited shear-sensitive connexin expression.
Materials and Methods

Cell Culture
Thoracic aortic smooth muscle cells were isolated from 10-week-old male Wistar rats (Charles River Laboratories, Saint-Constant, Quebec, Canada) by enzymatic dispersion. Once the arteries had been cleared of blood, fat, connective tissue, and adventitia, they were filled with 0.1% collagenase (Cooper Biomedical) and 0.2% trypsin (Difco) in PBS (pH 7.4). After a 40-minute incubation, cells were washed from the lumen of the arteries with a flamed Pasteur pipette. The first wash contained both endothelial cells and smooth muscle cells, whereas the second and third eluates contained only smooth muscle cells. Smooth muscle cells were cultured in medium 199 (GIBCO) with 10% fetal bovine serum (GIBCO), 1% penicillin/ streptomycin (GIBCO), and 1% Fungizone (GIBCO) and were passaged at 75% confluence up to four times. Purity of cultures was confirmed by immunohistochemical staining with monoclonal anti-␣-smooth muscle cell actin antibody (Sigma Chemical Co) at a 1:400 dilution. The primary antibody was detected with a 1:20 dilution of Texas Red-conjugated affinity-purified donkey anti-mouse IgG (heavy and light chain specific) secondary antibody as described by the manufacturer (Jackson ImmunoResearch). Total cell numbers were determined by adding Hoechst 33258 at a final concentration of 1 g/mL to the secondary antibody cocktail. By passage 2, the cultures were deemed to consist entirely of smooth muscle cells.
Cultures of A10 cells, a fetal rat smooth muscle cell line, were provided by Dr A.I. Gotlieb (The Toronto Hospital Research Institute) and maintained on Falcon 3003 100-mm culture dishes. Porcine thoracic aortas were obtained from a local slaughterhouse, and endothelial cells were purified and maintained as described by Rosenthal and Gotlieb. 15 Plates of neonatal rat cardiomyocytes and adult rat hepatocytes were provided by Dr J. Tsoporis (The Toronto Hospital).
Mechanical Loading
Five cell culture-stretching apparatuses, based on a prototype provided by Dr F. Lyall, 16 were manufactured at the Center for Biomaterials, University of Toronto. The system allows static stretch to be imposed on cells growing on 75-mmϫ120-mmϫ0.5-mm sheets of silicone rubber (Altec) by use of a threaded drive. The uniaxial static stretch system was assembled as previously described 16 and sterilized by ethylene oxide gas for 16 hours. Before the addition of 1 to 2ϫ10 6 vascular smooth muscle cells to each apparatus, the sheets were treated with 0.1 mL of 0.1% bovine plasma fibronectin (Sigma) and 0.1 mL bovine serum. Cells were detached from Falcon culture plates using 0.05% trypsin and 0.53 mmol/L EDTA (GIBCO) and plated onto the unstretched fibronectin-coated silicone sheets mounted in the stretch apparatus. The cells were allowed to proliferate to confluence for 5 days before a static 20% stretch was applied for up to 16 hours. For some experiments, cycloheximide was diluted with culture media to a final concentration of 20 g/mL and added to cultures before stretch. Cells were collected into 4°C PBS using a Costar cell lifter for subsequent analyses.
Endothelial cells were subjected to laminar fluid shear stress in a parallel-plate flow chamber 17 (manufactured by Strite Industries) that was perfused by gravity feed from a glass reservoir system (Leslie Scientific Glass) exactly as described previously. 17 Porcine endothelial cells at passages 3 to 8 were grown to confluence on untreated autoclaved glass slides (Corning), and a constant shear stress of 15 dynes/cm 2 was imposed on the cells for up to 24 hours. The cells were collected by scraping with a Costar cell lifter.
Northern Blot Analysis
Total RNA was isolated from smooth muscle cells and endothelial cells, 18 and then electrophoresis, transfer to nitrocellulose membrane (Schleicher & Schuell), cross-linking, and hybridization steps were performed as described by Cowan et al. 19 Equal quantities of total RNA were loaded into each lane before electrophoresis and Northern blot analyses. The rat cDNA clone (G2A) for Cx43 was provided by Beyer et al, 20 the rat c-fos cDNA was obtained from Curran et al, 21 and the pTRI-GAPDH rat cDNA clone was purchased from Ambion Laboratories. The probes for rat Cx26, Cx37, and Cx40 have been previously described. 22 Purified insert DNA was labeled using [␣-
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P]dCTP (ICN Biomedicals) and the NEBlot random primer kit (New England BioLabs). Blots were washed in 0.1% SDS and 0.1ϫ SSC at 22°C for 60 minutes, with changes in wash solution every 5 minutes. Nitrocellulose was exposed to Kodak X-Omat AR film at Ϫ80°C for up to 2 weeks. Assays were repeated three or more times.
Western Blot Analysis
Protein extracts were obtained from cultures by rinsing the cells with ice-cold PBS once and cold TBS (pH 7.4) once. Cells were resuspended in cold lysis buffer (150 mmol/L NaCl, 20 mmol/L Tris-HCl [pH 7.5], 1 mmol/L EDTA [pH 8.0], 0.5% sodium deoxycholate, 1% Nonidet P-40, 10 g/mL aprotinin, 10 g/mL leupeptin, and 1 mol/L phenylmethylsulfonyl fluoride), and cellular debris was removed by centrifugation at 12 000g for 10 minutes at 4°C. Supernatants were stored at Ϫ80°C. Denaturing discontinuous SDS-polyacrylamide gel electrophoresis was performed on a 10% Laemmli gel essentially as described by Gallagher. 23 Electrophoresis and transfer to nitrocellulose membranes (Schleicher & Schuell) was carried out using a Bio-Rad Mini-Protean II apparatus according to Gallagher. 23 Cx43 protein was detected using a 1:1000 dilution of Cx43 monoclonal antibody (Chemicon) and an enhanced chemiluminescence kit (ECL, Amersham) according to the manufacturer's protocols. The primary antibody was raised against amino acids 252 to 272 in the C-terminal portion of Cx43. A horseradish peroxidase-linked secondary anti-mouse antibody (Amersham) was used at a final dilution of 1:2500, and the film was exposed for 45 minutes. Experiments were replicated three times.
Nuclear Run-on Assays
Pelleted nuclei were isolated according to Andrews and Faller 24 and used immediately for transcription synthesis rate analyses as described by Cowan et al. 19 The concentration of nuclei was determined using a model ZF Coulter counter (100-m orifice, 0.5-mA aperture, 0.707 amplification, and 14 threshold). For transcription, 3.5ϫ10 7 nuclei were resuspended in 16% glycerol, 20 mmol/L Tris-HCl (pH 8.
P]UTP (ICN Biomedicals), and 100 U RNAguard (Pharmacia) and incubated at 26°C for 40 minutes. Newly transcribed RNA was isolated as described by Kedzierski and Porter 25 and hybridized to 1 g cold denatured cDNA immobilized on nitrocellulose. Denatured insert cDNA was used for slot-blot fixation according to the instructions provided by Schleicher & Schuell. Prehybridization, hybridization, and wash steps were identical to those described for Northern analysis. 19 Equal amounts of labeled RNA were used for
Selected Abbreviations and Acronyms
AP-1 ϭ activator protein-1 CAT ϭ chloramphenicol acetyl transferase Cx (with number) ϭ connexin PDGF ϭ platelet-derived growth factor TBS ϭ Tris-buffered saline stretched and unstretched samples at each time point. Three independent assays were performed for each time point.
Transient Transfections and Reporter Gene Assays
Cultured smooth muscle cells were plated onto stretch chambers and allowed to attach and proliferate for 5 days. Twenty micrograms of the CAT constructs 26 or control (Promega) was combined with 5 g of RSV-␤ galactosidase plasmid and introduced into cells using the CaPO 4 precipitation method. 27 After 16 hours, the cells were washed twice with 37°C PBS, fresh medium was added, and the chamber was subjected to a 20% static stretch. Cells were collected 2, 4, and 8 hours after imposition of stretch and assayed for CAT and ␤-galactosidase activities. 28, 29 For each CAT assay, equal amounts of cytosolic proteins were analyzed, and the reactions were allowed to proceed for 1 hour. Three independent transfections were performed for 2, 4, and 8 hours. 30 The different samples yielded uniform ␤-galactosidase activity.
Densitometric and Statistical Analyses
Integrated volumes of unsaturated autoradiograms from Northern and Western blots as well as nuclear run-on assays were determined using a Molecular Dynamics computing densitometer (model 300A) and ImageQuant software (version 3.3). Data have been expressed as fold increase (meanϮSD) compared with control data after normalization to matched GAPDH values.
Results mRNA Levels in Stretched Vascular Smooth Muscle Cells
The effect of a 20% static stretch of early-passage rat thoracic aorta smooth muscle cells on Cx43, Cx26, c-fos, and GAPDH mRNA levels is shown in Figure 1A . Cx43 message was increased after 30 minutes and 1 hour of stretch, reaching levels that were triple the control values by 2 hours ( Figure  1B ). Cx43 mRNA then declined to levels found in unstretched cultures after 4 hours (Figure 1 ). Cx43 message was also detected in the A10 smooth muscle cell line ( Figure 1A , lane 1), and Cx43 mRNA levels were slightly elevated in the cultures grown on silicone sheets covered with fibronectin ( Figure 1A , lane 3) compared with cells grown on standard culture plates ( Figure 1A , lane 2).
Cx26 mRNA was detected in both A10 and primary smooth muscle cells; however, levels were relatively low and did not change in response to stretch ( Figure 1A , panel 2). Cx37 and Cx40 mRNA were not detected in these cells by Northern analysis (data not shown).
mRNA for c-fos was not detected in unstretched cells; however, high levels of c-fos transcripts were detected after 30 minutes of stretch ( Figure 1A, panel 3) , and longer exposures of the x-ray film revealed c-fos mRNA after 1 hour of stretch. In additional experiments, even greater induction of c-fos mRNA levels was observed after 15 minutes of stretch of smooth muscle cells (data not shown). These data replicate observations of Lyall et al, 16 who previously reported that stretch induces c-fos expression in smooth muscle, confirming that our system yields results similar to theirs.
GAPDH mRNA levels were relatively constant when primary smooth muscle cells were subjected to static stretch ( Figure 1A ). Lane 1, bottom panel, shows less GAPDH message than the other lanes because less A10 total RNA was available for analysis because of poor growth of these cells on fibronectintreated silicone sheets. This underloading of A10 RNA ( Figure  1A, lane 1) is, at least in part, responsible for less Cx43 signal being detected (top panel).
Cx43 Protein Levels in Stretched Smooth Muscle Cells
Western blot analysis of Cx43 was performed to determine whether increases in Cx43 mRNA levels due to stretch caused a rise in protein concentration (Figure 2 ). The mouse anti-Cx43 monoclonal antibody reacted well with rat protein extracts and recognized a single band. Initially, stretch of smooth muscle cells caused no apparent change in Cx43 protein concentration; however, Cx43 levels began to increase after 4 hours of stretch ( Figure 2, lane 7) . By 6 hours, Cx43 protein concentration was increased by Ϸ7-fold (7.01Ϯ1.51), and it remained elevated at similar levels for at least 16 hours. Figure 2 , lane 1, contains fetal rat cardiomyocyte protein extract (positive control); lane 2 has protein derived from adult rat hepatocyte cultures (negative control). As expected, Cx43 protein was found in the cardiomyocyte extract and not in the hepatocyte lysates. 7) . Lanes 1 and 2 contain total RNA from cultures not exposed to stretch; lanes 3 to 7 represent RNA derived from stretched SMCs (10 g per lane). Electrophoresis of samples on a 1.0% formaldehyde-agarose gel, hybridization, and wash steps were performed using standard procedures. B, Fold increases in Cx43 mRNA levels as a result of stretch of SMCs (meanϮSD). All densitometric values have been normalized to matched GAPDH measurements and then expressed as a ratio of normalized values to mean mRNA level in unstretched cultures. N indicates the number of cultures.
Effect of Smooth Muscle Cell Stretch on Transcriptional Synthesis Rates
Nuclear run-on experiments established that both Cx43 and c-fos are transcriptionally induced at 30 minutes and 1 hour after stretch of vascular smooth muscle cells (compare static versus stretched at each time in Figure 3 ). Cx43 mRNA synthesis rates 0.5 hour after stretch were approximately tripled (fold increase, 3.15Ϯ0.55), and c-fos was also induced at 0.5 hour. After 1 hour of stretch, Cx43 mRNA synthesis was twice the rate found in controls (fold increase, 2.01Ϯ0.20), but at 2 and 4 hours after the imposition of stretch, Cx43 and c-fos mRNA synthesis rates had returned to baseline levels. GAPDH showed no significant change in either stretched or unstretched cultures at any time.
Effect of Cycloheximide on Increases in Cx43 mRNA Due to Stretch
To determine whether translation of proteins was needed for induction of Cx43 mRNA transcription as a result of mechanical strain, smooth muscle cells were subjected to cycloheximide treatment at the onset of stretch or in unstretched cultures. After 2 hours, total RNA was collected and assessed for Cx43 and GAPDH mRNA. As anticipated, stretch of smooth muscle cells caused an increase in Cx43 mRNA and no change in GAPDH mRNA compared with no stretch (static cultures) (Figure 4 ). Cycloheximide treatment resulted in no significant change in the Cx43 stretch response, since essentially identical increases in Cx43 message levels in stretched cells were observed with or without treatment with cycloheximide (fold increases in mRNA levels were 4.77Ϯ0.48 and 4.09Ϯ0.58, respectively). As well, cycloheximide did not affect GAPDH levels in stretched and unstretched cultures.
Reporter Gene Analyses of the Cx43 5-Flanking Region in Stretched SMCs
A variety of Cx43 5Ј-flanking region/CAT reporter gene constructs 26 were transfected into smooth muscle cells. Stretched or unstretched cells were assessed for CAT activity at 2, 4, and 8 hours after imposition of stretch ( Figure 5 ). The greatest CAT activity was observed in the cells transfected with pCx1686-CAT (lanes 1 and 9) . The pCx75-CAT construct was the only other plasmid that established an appreciable level of enzyme activity (lanes 5 and 13). Interestingly, the 2-bp substitution in the putative AP-1 site (Ϫ46 and Ϫ47 were modified from GC to TT) that was present in pCx75M-CAT completely abolished activity (lanes 6 and 14), presumably as a result of a cis-acting DNA element residing at this genomic location. Mechanical stretch produced no significant effect on reporter gene activity. 7 nuclei were used to generate [␣-
32 P]UMP-labeled mRNA as described in "Materials and Methods." Panels 1 to 4 (left to right) are representative films of slot blots containing immobilized "cold" cDNA insert hybridized against 5ϫ10 6 cpm total labeled nascent RNA. Wash steps were performed in 0.1ϫ SSC and 0.1% SDS as detailed previously.
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Figure 4. Northern analysis of vascular smooth muscle cells (VSMCs) treated with 20 g/mL cycloheximide (cyclohex). Lanes 1 and 2 contain 10 g total RNA from unstretched VSMCs. Lane 2 was treated with cyclohex for 2 hours. Lanes 3 and 4 contain 10 g total RNA from cells simultaneously stretched by 20%. Lane 4 was treated with cyclohex for 2 hours. After capillary transfer to nitrocellulose, baking at 80°C in vacuo for 1.5 hours, and prehybridization for 2 hours, membranes were probed with an excess of radiolabeled Cx43 probe. Hybridization and wash steps followed standard procedures.
mRNA Levels in Endothelial Cells Exposed to Shear Stress
Cx43 and GAPDH mRNA levels were determined in endothelial cells exposed to laminar fluid shear stress at 15 dynes/cm 2 for up to 24 hours ( Figure 6 ). Lane 1 contained total RNA from smooth muscle cells in static cultures. Cx43 and GAPDH mRNA levels were comparable in smooth muscle cell versus endothelial cell cultures. For endothelial cells subjected to shear stress, Cx43 message levels were increased at 1 hour after initiation of fluid flow and remained elevated at 2, 4, 8, and 24 hours of shear ( Figure 6 , top panel) (fold increases over controls were 3.65Ϯ1.10, 4.42Ϯ1.43, 4.01Ϯ1.53, 3.96Ϯ0.38, 2.81Ϯ0.74, and 1.15Ϯ0.22, respectively). A minor reduction in Cx43 mRNA at 15 minutes of shear and a perceptible drop in signal intensity at 24 hours of shear stress were also observed. In contrast, GAPDH mRNA levels displayed no appreciable shear sensitivity ( Figure 6 , bottom panel).
Discussion
Connexins are expressed very early in development, and their expression is both tissue specific and developmentally regulated. These observations have led to the inference that cell-cell communication via gap junctions is important in the morphogenesis and developmental remodeling of many tissues. [31] [32] [33] [34] In the cardiovascular system, developmental remodeling of the heart depends on expression of specific connexins; mice with null mutations of Cx43, the primary gap junctional protein expressed by myocardium, survive through embryonic and fetal development with apparently quite normal cardiac contractile activity, presumably because upregulation of alternate gap junctional proteins permits coordinated contraction of the myocardium, but they die hours after birth as a result of a severe obstructive defect of the right ventricular outflow tract. 35 Expression of several connexins by vascular tissues has been described, and resulting gap junction formation apparently allows coordinated contractile Reporter gene analysis of the Cx43 5Ј-flanking region in unstretched versus stretched smooth muscle cells. The Cx43 genomic structure and reporter gene constructs are shown above a typical autoradiogram. CAT activity was measured 2, 4, and 8 hours after imposition of stretch and has been adjusted for ␤-galactosidase activity and protein concentration. There were no significant differences between activity measurements at the three time points after imposition of stretch, and three transfections were performed at each time point. Cx43 5Ј-flanking region deletion constructs (top to bottom) correspond to lanes 1 to 6 (unstretched cultures) and lanes 9 to 14 (stretched cultures), respectively. Arrows indicate a 2-bp substitution in a putative AP-1 cis-acting sequence located at Ϫ46 and Ϫ47 with respect to the transcriptional start site (ϩ1). pCAT-control (ϩ) and pCAT-basic (Ϫ) vectors (Promega) were used as positive and negative controls (lanes 7 and 8), respectively. Chl. indicates [ 14 C]chloramphenicol; ac.C., monoacetylated forms of chloramphenicol. Restriction enzyme sites, exons 1 and 2, and the 3Ј untranslated (UTR) region are shown on the genomic schematic diagram at the top. activity in the blood vessel wall 36, 37 ; however, the role of gap junctions in arterial remodeling has not been investigated. Since communication among vascular cells is a prerequisite for coordinated tissue remodeling and because changes in contractile activity are precursors of the structural remodeling of the arterial wall that results from chronically altered blood pressure and blood flow rates, 38 we hypothesized that mechanical forces affect expression of gap junction proteins.
In order to isolate the mechanical loads imposed by blood pressure and blood flow, we used two in vitro devices that subject cell cultures to either uniform stretch or laminar fluid shear stress. 16, 17 We chose to examine the effects of steady rather than pulsatile forces because we are interested in arterial remodeling in response to changes in physical forces, which appears to depend on time-averaged forces rather than on the pulsatile components of these forces. For example, flow-induced remodeling of rabbit carotid arteries correlated strongly with changes in mean flow rate but was not influenced by selective changes in the pulsatile components of flow. 4 Also, arterial thickening in response to hypertension appears to normalize the mean tensile stress imposed on the arterial wall. 2 We imposed static stretch on smooth muscle cell cultures grown on a silicone substrate. This is an artificial environment for cells that normally grow in a three-dimensional matrix; however, the model has several positive features. First, cultures grown under similar conditions exhibited stretch that was proportional to that of the substrate, and they were not injured by stretch. 39, 40 Second, a 20% strain is within the range expected for physiological changes in mean blood pressure. 41 Third, unlike commercially available stretch apparatuses, 42 the device used for the present study delivered a uniform stretch to all smooth muscle cells grown on the silicone. 16 The parallel-plate flow chamber that we used to impose shear stress on endothelium has been extensively characterized, 9,17,43-46 and we used it to generate a level of shear stress (15 dynes/cm 2 ) that is physiological for large mammalian arteries. 47 We have demonstrated dramatic induction of Cx43 mRNA in smooth muscle cells exposed to stretch and in endothelial cells exposed to shear stress. In the cell stretch model, 16 mechanical stimulation of Cx43 protein levels was preceded by increases in mRNA. Furthermore, nuclear run-on assays indicated that Cx43 expression was controlled at the level of transcription. Although Cx26 was also expressed in smooth muscle cells, expression was not affected by mechanical forces. Cx37 and Cx40 were not detectable, possibly because of the low level of expression of these isoforms in cultured aortic smooth muscle cells. 37,48 -51 In previous reports, Cx40 was detected in arteriolar smooth muscle cells using immunofluorescence, 52 whereas others reported expression of Cx40 in endothelium but not in smooth muscle by using similar techniques. 48, 49 Cx37 expression has been detected in endothelium but not in smooth muscle. [53] [54] [55] The transcriptional induction of Cx43 occurred rapidly after imposition of stretch, with RNA synthesis rates, detected by nuclear run-on, increasing at 30 minutes and 1 hour. Message levels increased by 1 and 2 hours, and elevation of protein levels began at 4 hours and persisted for at least 16 hours. The waning of mRNA levels for Cx43 after 4 hours ( Figure 1A , top panel, lane 7) may reflect a transient response to sustained stretch; however, it may occur because the smooth muscle cells reorganize substrate adhesion complexes so that the cells become off-loaded with time despite persistent stretch of substrate. The prolonged increase in Cx43 protein levels despite an early decline in mRNA level indicates that stretch may stabilize the protein in addition to enhancing transcription from the gene, since usual estimates of protein half-life range from 1.5 to 5 hours. 56, 57 To characterize regulation of the Cx43 gene in vascular cells, we performed transfection experiments to localize cis-acting DNA sequences. The Ϫ1686 to ϩ162 region of the Cx43 gene and constructs created from this fragment by deletion were fused to the CAT reporter gene 26 so that variations in activity of CAT would indicate potential sites of transcriptional regulation in this 5Ј-flanking region. We found that only the Ϫ1686 to ϩ162 and Ϫ75 to ϩ162 regions of the Cx43 promoter drove substantial activity of the CAT reporter in vascular smooth muscle cells. These findings indicate that positive control sequences are located between Ϫ368 and Ϫ1686 and within 75 bases from the transcriptional start site ( Figure 5 ). Substitution of 2 bp at Ϫ46 and Ϫ47 (GC to TT) abolished reporter gene activity, indicating that a positive control region is located at this putative AP-1 site. 26 Interestingly, Geimonen et al 58 have found an analogous AP-1 site in the human Cx43 gene. Induction of Cx43 in uterine smooth muscle cells by activation of protein kinase C is regulated through this AP-1 site. 58 Also noteworthy is our finding that the addition of 29 bp of promoter to the -75 construct (pCx104-CAT) can completely prevent CAT activity, indicating that a negative cis-acting element(s) resides at this location.
Although transcription could be driven by the Ϫ1686 to ϩ162 region of the Cx43 gene, this expression lacked any sensitivity to stretch. It is unlikely that we missed a rise in CAT activity due to the transient nature of the Cx43 stretch response, because activity measurements were made at 2, 4, and 8 hours after imposing stretch. Because CAT is a relatively stable protein, any differences between stretched and unstretched cultures as a result of a rise in reporter gene expression for a period of 1 or 2 hours (as seen for Cx43 mRNA) would be apparent at one of these times. We infer that transcriptional control due to stretchsensitive mechanisms is conveyed by DNA sequences outside this 5Ј-flanking region, although we cannot rule out cooperative interactions with sites within the Ϫ1686 to ϩ162 region.
The rise in Cx43 gene expression as a result of stretch was independent of the translation of other proteins, since treatment of smooth muscle cells with the ribosomal blocker, cycloheximide, during imposition of mechanical load had no effect on the increase in Cx43 mRNA. This result precludes involvement of some immediate-early gene products such as c-fos in the transcriptional control of Cx43 by stretch, since it is generally accepted that c-fos protein is synthesized de novo on stimulation. 21 Similar to Cx43 expression, the transcriptional stretch response of the c-fos gene occurred without the need for de novo protein synthesis 59 and followed essentially the time profile observed in all studies to date. 16, 39, 59 Presumably, a stretchresponsive transcription factor or complex was already present in the cell, poised for activation or import to the nucleus.
Initially, it seemed reasonable that c-fos may be controlling the Cx43 stretch response. This gene is mechanically responsive, 16, 39, 59 and its expression increases before the rise in Cx43 mRNA. 58 Moreover, sequences resembling an AP-1 binding site were present in the Cx43 proximal promoter region (Ϫ49 to Ϫ42), and c-fos localized to the nucleus of cardiac cells subjected to stretch. 39 Although the putative AP-1 site in the Cx43 proximal promoter revealed transcriptional activity that could be abolished with a 2-bp substitution, this site was not stretch sensitive. This finding also makes involvement of c-fos in the Cx43 stretch response improbable, unless it functions in concert with sites outside the Ϫ1686 to ϩ162 region.
We have not examined the mechanism of Cx43 regulation by shear stress; however, shear and stretch may both impose the same mechanical loads (tension) on subcellular structures 9 ; therefore, a common signaling pathway may drive stretch-induced Cx43 expression in smooth muscle and shear stress-induced increases in Cx43 mRNA levels in endothelial cells. A candidate target protein for activation in a mechanically sensitive signal cascade is the transcription factor, nuclear factor-B, which binds to a DNA sequence known as the shear stress-responsive element, which drives both shear-and stretch-induced expression of the PDGF-B chain in vascular endothelium. 60 This sequence, however, is not found in the immediate 5Ј-flanking region of the Cx43 gene. 26, 58 Furthermore, multiple cis elements that mediate transcriptional regulation by shear stress have now been identified. 61, 62 The robust nature of the Cx43 response to both stretch and shear implies that this gap junction protein is important in communicating alterations in mechanical environment in both endothelial cells and smooth muscle cells, and it may impart functional changes to these cells. Several investigators have proposed that changes in gap junctional activity contribute to the increased vascular reactivity that is observed in hypertension. 48, 63, 64 Haefliger et al 64 recently showed that aortic Cx43 levels were increased during the early phases of deoxycorticosterone acetate-salt and twokidney/one-clip hypertension in rats. Our data indicate that this increased Cx43 expression may be a direct result of increased arterial distension associated with early hypertension. A resulting increase in vascular reactivity and vasomotor tone could contribute to the increased total peripheral resistance that characterizes most forms of hypertension. There is also preliminary evidence that vasomotion secondary to altered shear stress can take 24 hours to go to completion. 4 Over this time scale, modulation of connexin expression and gap junction activity could participate in adjusting vasomotor tone.
Finally, there is good evidence that gap junctions are important in local vasomotor controls in the microvasculature. Localized vasomotor stimuli elicit responses that propagate along microvessels to sites far distant from the initial stimulus, 65 and inhibitors of gap junctional communication block this propagation. 66 Enhanced coupling of cells via gap junctions in regions of the microvasculature that experience persistent increases in blood flow or persistent increases in local intravascular pressures may amplify this signal propagation and thereby influence vasomotor reactivity at sites of increased metabolic activity.
In summary, we have found that expression of the gap junctional protein, Cx43, is sensitive to mechanical forces in vascular smooth muscle and endothelium. Sensitivity of expression is controlled at the transcriptional level and does not depend on the early expression of other proteins. Using CAT reporter constructs, we detected potential sites of transcriptional regulation in the region extending from Ϫ1686 to ϩ162 of the 5Ј-flanking region of the Cx43 gene; however, these sites were not sensitive to stretch, and we infer that transcriptional responses to stretch depend on sites outside this region.
